Expression patterns of six homeobox containing genes in a model chelicerate, the oribatid mite Archegozetes longisetosus, were examined to establish homology of chelicerate and insect head segments and to investigate claims that the chelicerate deutocerebral segment has been reduced or lost. engrailed (en) expression, which has been used to demonstrate the presence of segments in insects, fails to demonstrate a reduced deutocerebral segment. Expression patterns of the chelicerate homologs of the Drosophila genes Antennapedia (Antp), Sex combs reduced (Scr), Deformed (Dfd), proboscipedia (pb), and orthodenticle (otd) confirm direct correspondence of head segments. The chelicerate deutocerebral segment has not been reduced or lost. We make further inferences concerning the evolution of heads and Hox genes in arthropods.
Head segments and their appendages have long been considered of great importance in understanding the relationships of the main extant arthropod classes-insects, crustaceans, myriapods, and chelicerates (arachnids and horse-shoe crabs). The posterior regions of their bodies vary greatly, but several authors have found evidence for homologies between specific segments of the head in support of different phylogenetic schemes relating the arthropods (1-3). There is recently a general acceptance of the close relationship of insects and crustaceans and of direct homologies of their head segments and associated appendages (antennae, mandibles, etc.), some of the evidence for which comes from studies of gene expression (1, (4) (5) (6) . Myriapod head segments also are widely presumed to be directly homologisable with those of insects and crustaceans, grouping the three classes into the mandibulates (3, 7) . The chelicerates, on the other hand, are seen as fundamentally different in most schemes of arthropod evolution, and suggested homologies of their head segments with those of other arthropods seem, by their very variety, unconvincing (8) (9) (10) .
One of the most widely held views concerning the chelicerate head is that they have secondarily lost or reduced the homolog of the front-most appendage-bearing segment, which in the other three classes carries the antennae (3, 7, 8, 11) (Fig.  1 ). This idea stems from two observations. Firstly, unlike all other groups (including the extinct trilobites and the onychophorans), the chelicerates have no antennae, the front-most appendages being the chelicerae. Secondly, the homolog of the mandibulate deutocerebrum, the brain region associated with the antennal segment found anterior to the mouth, is thought to have been lost or greatly reduced in chelicerates (8) . Support for this view comes from studies claiming evidence of coelom remnants corresponding to the deutocerebral segment in a spider (10, 12, 13) . This idea has direct consequences for attempts to assign homology to the segments and appendages posterior to the ''missing'' deutocerebral region and therefore for the understanding of morphological evolution in the arthropods.
In the insects, a secondarily reduced intercalary segment, corresponding to the crustacean second antennal (tritocerebral) segment, was demonstrated unequivocally by a stripe of expression of the gene engrailed (en) (14, 15) . Region-specific expression of other genes has been used as a means of inferring homology of body regions (16) , arthropod segments (17) , and even parts of arthropod limbs (18) . We have looked at the expression of several homeobox-containing genes in the embryos of a model chelicerate, the oribatid mite Archegozetes longisetosus, by using both in situ hybridization to see whether the segment corresponding to the insect͞crustacean deutocerebrum has been reduced or lost secondarily in chelicerates and to deduce homologies between head segments of chelicerates and other arthropods. This gives us a powerful technique for predicting the ancestral morphology of the crustacean͞insect clade by using the chelicerates as an outgroup.
MATERIALS AND METHODS
DNA Sources and Extraction and cDNA Preparation. DNA extraction followed described methods (19) . Reverse transcription-PCR used the primer CDNAI (GGATTTAGGTGAC-ACTATAGCGGCCGCT TA AGA(T 15 )NN) attached to Dynabeads (Dynal, Great Neck, NY) to capture mRNA and to prime the first strand cDNA production by using Boehringer Mannheim products and protocols. Subsequent PCR amplification used a gene-specific 5Ј primer (below) and CDNAB (TATAGCGGCCGCTTAAGA) at the 3Ј end.
PCR Amplification, Genomic Clone Isolation, and in Situ Probe Template Cloning. Archegozetes homologs of Antennapedia (Antp), Sex combs reduced (Scr), and probiscipedia (pb) (AlAntp, AlScr, and Alpb) were amplified by using a degenerate primer screening for all Hox genes. Primers were TLELEKEF [a 1:1 mixture of ACT TTG GAR TTR GAR AAR GAR TTY and ACT TTG GAR CTI GAR AAR GAR TTY (I ϭ inosine)] at 5Ј and WFQNRRXK (TTT NRY TCT TCT ATT YTG RAA CCT) at 3Ј. Clones isolated from this PCR screen were used to probe a genomic library for full length sequences. The Archegozetes homolog of orthodenticle (otd) (Alotd) was PCR amplified by using degenerate primers OTD5 (TTC ACA CGT GCN CAR YTN GAY GT) at 5Ј and OTD3 (TGC AGY TGY TGN CKA CAY TTN GC) at 3Ј. The amplified and cloned product was used to screen the genomic library for full length sequences. clones were sequenced by using outward facing primers within the homeobox. Inward facing primers then were designed to amplify a coding region suitable in length for in situ hybridization. The Archegozetes homolog of deformed (Dfd) (AlDfd) was amplified by using DFD5B (STC GAY CCN AAR TTY CCN CC) at 5Ј and WFQNRRXK at 3Ј and was used directly for in situ probe production. The Archegozetes homolog of en (Alen) was amplified by using primers JM10 (GAI AAG CGI CGC ACI GCC TTC AC) at 5Ј and WFQNRRXK at 3Ј. The 3Ј terminus of the Alen gene was reverse transcription-PCR amplified by using a 5Ј primer designed according to the amplified sequence (CCT GAA ATT AAA TGA ATC A). All sections of DNA for in situ hybridizations were cloned into pGEM T or pGEM TEASY (Promega) with the 3Ј end closest to the T7 promoter. Alignment of these Archegozetes genes with homologs from other arthropods are shown in Fig. 2 . DNA sequences used for in situ hybridizations are available from the GenBank database (accession nos. AF071402 to AF071407).
Embryo Preparation. Embryos were dechorionated in 5% bleach for 5 min, were fixed in n-heptane over 4% formaldehyde in PBS for 1 hr, and were devitellinized by placing the embryos in n-heptane prechilled on dry ice, adding room temperature methanol and shaking vigorously for 2-3 min. Embryos were digested partially in 7.5 g͞ml proteinase K for 8 min, were washed, were refixed in 4% formaldehyde in PBS with 0.2% Tween 20 (PTW) for 20 min, and were rewashed in PTW.
In Situ Hybridizations and Color Detection. Digoxygenin labeled riboprobe production used Boehringer Mannheim T7 polymerase and buffers and Boehringer Mannheim digoxygenin-labeled ribonucleotides according to the manufacturer's instructions. Prehybridization was in hybe (50% formamide͞5ϫ standard saline citrate͞150 g/ml yeast RNA͞0.1% Tween 20͞50 g/ml heparin) at 65°C for 24 hr. Hybridizations were carried out by using 500 l of 0.4-1 g͞ml of antisense riboprobe in hybe at 65°C overnight. Washes were 1 ϫ 30 min in hybe at 65°C, 1 ϫ 30 min in 1:1 hybe͞PTW at 65°C, and 5 ϫ 20 min in PTW at room temperature. Embryos were blocked in 1 mg͞ml BSA, 5 mg͞ml Boehringer Mannheim block, and 50 l͞ml normal goat serum in PTW for 1 hr followed by incubation overnight at 4°C with a preabsorbed Boehringer Mannheim alkaline phosphatase conjugated antidigoxygenin antibody diluted 1:2000 in PTW followed by washes in PTW and detection with nitroblue tetrazolium͞5-bromo-4-chloro-3-indoyl phosphate p-toluidine salt. Detailed protocols are available from the authors.
RESULTS

Expression of Alen.
Alen is expressed at the rear of segments in a fashion identical to that seen in other arthropod groups (6, 20, 21) (Fig. 3A) . Five stripes appear initially, corresponding to the five visible limbs (the sixth limbs-fourth walking legs-are suppressed until after hatching in oribatid embryos), and more posterior stripes, including that corresponding to the sixth limb bearing segment, are added progressively (results not shown). If the chelicerate deutocerebral segment has been suppressed but not entirely lost, we would expect, by analogy with the insect intercalary segment, to see two regions of Alen expression anterior to the cheliceral stripe corresponding to the reduced deutocerebral segment and to the ocular segment. In fact, no Alen expression is seen anterior to the cheliceral stripe. We find no support from Alen expression patterns for a secondarily reduced deutocerebral segment in chelicerates. The lack of expression corresponding to the ocular expression of insects is puzzling but probably is explained by the tendency for this region of expression to be small (6, 20, 21) . Furthermore, the size of the ocular en expression, at least in insects, seems to correspond with the size of the eyes (22) ; Archegozetes has no eyes.
Expression of Alpb, AlDfd, AlScr, and AlAntp. A lost or reduced segment has consequences for the assignment of homology of more posterior segments and appendages. If the deutocerebral segment has been reduced as generally supposed, then the first chelicerate appendages, the chelicerae, correspond to the second appendages of insects and crustaceans (crustacean second antennae, insect intercalary). The second chelicerate appendages (pedipalps) correspond to the third appendages of insects and crustaceans (mandible) (8), etc. (Fig. 1 A) . If, however, the deutocerebrum has not been lost or reduced, as indeed is suggested by lack of Alen expression, then the appendage bearing segments would align directly: chelicerae with first antennae, pedipalps with second antennae, and first legs with mandibles (9), etc. (Fig. 1B) . By comparing the anterior boundaries of expression of segmentspecifying homeobox genes, we sought to infer homology of segments directly (23) . Anterior boundaries are stable evolutionarily and hence are good positional markers whereas posterior boundaries vary across different taxa under the influence of a variety of transrepressors. We make the assumption that the arthropods are monophyletic (24) and come from a segmented ancestor with appendages whose head segments were specified by Hox genes. All comparisons are made only with insects because expression data are not yet available outside the insects for the more anteriorly expressed arthropod Hox genes. Results from insects come from Rogers and Kaufman (22) , who provide comparative expression data from distantly related insect orders. Results for Antp come from ref. 25 .
The arthropod Hox cluster contains nine genes, and Archegozetes homologs of eight of these were discovered in a degenerate PCR screening (results not shown). For each separate gene unambiguously identified based on full homeobox amino acid sequence (Fig. 2) , only a single nucleotide sequence was found. This suggests strongly that only a single Hox cluster exists in Archegozetes. We looked at expression patterns of four of these genes that specify anterior regions of metazoan embryos. The remaining genes we have identified are homologs of the Drosophila genes labial, Ultrabithorax, Abdominal-B (data not shown), and zen (26) .
We first looked at expression of the Archegozetes proboscipedia homolog (Alpb). One of the most striking aspects of Hox gene expression is the co-linearity between the order of the genes on the chromosome and their anterior boundaries of expression. This co-linearity is maintained in both the vertebrates and insects. Drosophila proboscipedia (pb) is an exception to this rule because, according to its chromosomal position, it would be expected to have an anterior expression boundary in front of that of Dfd in the intercalary segment whereas it actually is expressed principally in the labial segment. There is, however, a limited amount of ectodermal expression in the maxillary, mandibular, and intercalary segments in crickets and milkweed bugs (22) , placing its anterior boundary of ectodermal expression-as predicted from its chromosomal position and by comparison with its vertebrate homolog (Hox2)-anterior to that of Dfd in the second limb-bearing segment. In Archegozetes, Alpb is expressed equally in all three visible walking leg segments and in the pedipalpal segment (Fig. 3B ) so its anterior expression boundary is in the second limb-bearing segment. From this comparison, we infer that the ancestral anterior boundary of pb 
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Proc. Natl. Acad. Sci. USA 95 (1998) 10673 expression was in the second limb-bearing segment as seen in a reduced fashion in crickets and milkweed bugs. We predict that full pb expression will be found in this segment in crustaceans and that the differences seen within the insects are secondary modifications. The Archegozetes Deformed homolog (AlDfd) is expressed throughout the rear of the embryo with a discrete anterior boundary at the anterior of the third limb segment (first walking leg) (Fig. 3C) . Insect Dfd is expressed in the fourth limb (maxillary) segment and has its anterior boundary at the front of the third limb (mandibular) segment.
In Archegozetes embryos, Sex combs reduced (AlScr) is expressed in two segments: strongly in the fifth limb (third leg) segment and less strongly in the fourth limb (second leg) segment (Fig. 3D) . In the fourth limb segment, expression is in the limb rather than the ventral blastoderm. Insect Scr also is expressed strongly in the fifth limb (labial) segment and more weakly and restricted to the posterior portion of the fourth limb (maxillary) segment. Later expression of insect Scr in the fourth limb is in lateral epidermis (22) .
The final Hox gene we studied, AlAntp, is expressed strongly in the more posterior segments of the opisthosoma. There is weaker expression in the first opisthosomal segment and the anterior boundary of expression is the rear of the fourth legs (sixth limb segment), which are small buds (Fig. 3 E-G) . This corresponds closely with the early expression of Antp in Drosophila in which expression is in a broad band in parasegment 4 (anterior of the second thoracic and rear of the first thoracic) (25) . In other words, initial expression in insects has its anterior boundary, like Archegozetes, in the rear of the sixth limb segment. Later, modulated expression of Antp in Drosophila also includes expression of a new transcript in a small subset of more anterior cells. AlAntp expression corroborates the inference drawn from Alpb, AlDfd, and AlScr expression that chelicerate and insect limb-bearing segments are directly alignable.
Expression of Alotd. In Drosophila, otd is expressed in the ocular and first antennal segments as well as along the length of the ventral midline (27) . In the beetle Tribolium, there are two otd genes expressed in similar but not identical patterns; both of these genes differ from the pattern seen in Drosophila in that, at the later stage, when expression includes the ventral midline, there is no expression in the antenna (28) . We interpret the persistent expression in the Drosophila antennal segment as a Drosophila specific secondary adaptation. The expression seen in Archegozetes is strikingly similar to that seen in Tribolium (Fig. H and I) , being restricted to expression in the ocular segment and the ventral midline.
DISCUSSION
Assignment of Homology Between Chelicerate and Insect
Anterior Segments. Each of the comparisons of genes expression patterns described support the conclusion proposed based on the lack of Alen expression anterior to the cheliceral segment, namely, that chelicerate and insect head segments line up directly: (Fig. 4) the antennal with the cheliceral, the second antennal (intercalary) with the pedipalpal (expressing pb), the mandibular with the chelicerate first leg (expressing Dfd), the first maxillary with chelicerate second leg (partially expressing Scr), the labial with the chelicerate third leg (fully expressing Scr), and the first thoracic with the chelicerate fourth leg (expressing Antp in the rear). We conclude that there has not been a loss or reduction of a segment in chelicerates relative to insects and crustaceans.
Reappraisal of Evolution of Arthropod Anterior Segments. In the light of our conclusion that the chelicerate deutocerebral segment is not missing and indeed corresponds to the cheliceral segment, we looked at the evidence that had given rise to this idea and the ramifications of its rejection. Ignoring the trivial observation that the anteriormost chelicerate appendages are not antennae, the most important idea suggesting that the deutocerebral segment is lost is the conviction that the deutocerebrum is missing from the chelicerate brain. This idea stems from the observation that insects have two segmental ganglia anterior to the mouth whereas, ancestrally at least, chelicerates only have one (8) . As a result, the postoral cheliceral ganglion was homologized to the postoral tritocerebrum of the insects. In fact, having the deutocerebrum anterior to the mouth is probably a derived condition in crustaceans (and also, therefore, in insects) because certain crustacean orders have their first antennal ganglion lateral to the esophagus (29) . The same tendency is seen in chelicerates in which the cheliceral ganglion is primitively on either side of the esophagus, but, in many chelicerate orders, the cheliceral ganglion is actually preoral and continuous with the protocerebrum (8, 30) , though it only moves to this position during embryogenesis as the chelicerae move anterior. This presumably indicates a convergent tendency for ganglionic fusion and cephalization as well as suggesting that all of the appendages we see in extant arthropods were primitively postoral. The initial postoral position of the chelicerae also has been used to imply that they could not be homologs of the first antennae, which are thought of as preoral (31) . In fact, studies of embryogenesis of insects, crustaceans, and myriapods show that, in all cases, the first antennae are initially postoral and the subsequent anteriorwards morphogenetic movements are strikingly similar in each case (32) . This can be seen as further evidence supporting our view that cheliceral and first antennal segments are homologous.
Chelicerates as an Outgroup of Insects͞Crustaceans. Molecular phylogenetic studies show that the chelicerates are an outgroup to the insect͞crustacean clade (33) (34) (35) (36) . This idea is confirmed by our demonstration that Dll is expressed in all chelicerate limbs (results not shown) whereas it is secondarily missing in crustacean and insect mandibles (4). As such, the chelicerates make an ideal outgroup to allow inference, through outgroup comparison, of the ancestral condition and, hence, the subsequent evolution of mandibulate anterior segments, their appendages, and the expression of the genes that specify them.
We already have inferred, for example, that pb was expressed as far forward as the second appendage in the common ancestor of insect͞crustaceans and chelicerates. Furthermore, expression of AlDfd in the third limbs is contrary to the hypothesis (22) that the anterior boundary of Dfd was ancestrally in the fourth limb-bearing segment and that there was a migration forwards of this boundary in the insects and a concomitant loss of Dll expression and mandible tip. Further studies on chelicerates should be invaluable for the understanding of the evolution of the arthropods, and expression data from the anteriorly expressed genes described here from crustaceans and myriapods would be particularly welcome. 
